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SECTION  1 


INTRODUCTION 


Dimensional  changes  in  critical  components  of  an  instrument  will 
result  in  errors  in  the  performance  of  the  instrument.  The  most  common 
sources  of  such  dimensional  instability  in  instruments  are:  phase  trans¬ 
formation,  relief  of  res: dual  stress,  and  microplastic  deformation  from 
applied  stresses.  Although  phase  transformation  and  residual  stress 
may  be  effectively  controlled  by  proper  processing,  certain  applied 
stress  is  essential  to  the  functioning  of  instruments.  The  amount  of 
dimensional  instability  caused  by  stress  can  be  reduced  either  by  re¬ 
ducing  the  stress  or  by  increasing  the  resistance  of  the  material  to 
microplastic  deformation,  section  3  of  this  report  is  concerned  with  an 
investigation  of  hot  isostatically  pressed  (HIP)  beryllium  as  a  material 
with  potentially  greater  resistance  to  microplastic  deformation  than  the 
grades  of  beryllium  currently  used  in  instruments. 

As  greater  demands  are  made  on  the  accuracy  of  measuring  devices, 
microplastic  strains  on  the  order  of  10  7  and  10  6  become  significant 
sources  of  instrument  error.  Strains  of  this  order  of  magnitude  have 
been  found  to  occur  at  relatively  low  stress  in  moderate  strength 
engineering  materials  under  the  action  of  essential  assembly  operations 
such  as  shrink  fit,  bolt  tension,  or  rotational  stress.  Since  it  is  not 
possible  to  reduce  these  assembly  stresses  below  a  reasonable  limit,  it 
becomes  desirable  to  predict  the  plastic  microstrain  and  compensate  for 
the  resulting  errors.  Section  4  of  this  report  deals  with  analytical 
studies  to  model  the  deflection  of  instrument  components  as  a  function 
of  time  based  on  empirical  uniaxial  microcreep  data  and  finite  element 
stress  analysis. 


SECTION  2 


OBJECTIVES 


The  principal  objectives  of  this  program  have  been  as  follows: 

(1)  To  survey  the  literature  on  microplastic  properties  of 
materials  and  summarize  the  data  for  use  in  modeling 
instrument  performance  and  design  analysis.  This  infor¬ 
mation  is  contained  in  the  previous  year's  report. ^ 

(2)  To  study  the  microplastic  behavior  of  hot  isostatically 
pressed  (HIP)  beryllium  and  the  relationship  to  micro¬ 
structure. 

(3)  To  predict  microdeformation  behavior  of  typical  instru¬ 
ment  components  using  finite  element  analysis  techniques 
and  experimentally  determined  microcreep  data. 


Superscript  numerals  refer  to  similarly  numbered  items 
in  the  List  of  References. 


SECTION  3 


THE  MICROMECHANICAL  BEHAVIOR  OF 
HOT  I SOSTAT IC ALIA  PRESSED  (HIP)  BERYLLIUM 


3 . 1  Previous  Work 

During  the  first  year  of  this  2-year  program,  the  following  was 
accomplished. 

(1)  Hot  Isostatically  pressed  beryllium  was  purchased  from 
Kawecki  Berylco  Industries.  This  is  their  designation 
HIP5Q . 

(2)  A  procedure  was  established  for  preparing  tensile  speci¬ 
mens  for  microyield  strength  tests  and  for  applying 
strain  gages  for  measuring  microstrain. 

(3)  Methods  for  measuring  misalignment  in  loading  were  inves¬ 
tigated  and  a  load  train  was  modified  to  provide  a  reason¬ 
able  value  of  precision  of  alignment. 

3 . 2  Present  Work 

3.2.1  Alignment  of  Loading 

Work  was  continued  on  improving  the  alignment  of  loading  of  the 
test  specimen  for  the  microyield  strength  tests.  The  squareness  and 
concentricities  of  the  various  elements  of  the  load  train  were  inspected 
and  reworked  where  necessary.  A  5- inch-long  pull  rod  with  a  rod-end 
bearing  was  inserted  between  the  specimen  holder  3nd  the  clevis  hangers. 
With  this  load  train  design  (Figure  1) ,  the  typical  precision  of  align¬ 
ment  was  3  "  10  This  value  corresponds  to  an  extreme  fibre  bending 
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Figure  1.  Load  Train  for  microyield  strength  tests. 


2  2 

stress  of  1300  Ib/in.  at  5000  lb/in.  average  stress.  Although  this 
condition  can  be  considered  only  moderately  good  alignment,  the  load 
train  would  have  to  be  completely  redesigned  in  order  to  significantly 
improve  alignment. 

3.2.2  Microyield  Strength  Tests 

Microyield  strength  was  determined  for  HIP50  beryllium  in  two 
conditions.  The  first  condition  was  "as  pressed";  the  sample  was 
machined  and  etched  only.  The  second  condition  consisted  of  aging  at 
1080 °F  for  100  hours.  The  test  specimen  preparation  and  the  installa¬ 
tion  of  strain  gages  has  been  described  previously. ^  The  aging  treat¬ 
ment  was  suggested  by  G.  Keith  of  KBI  based  on  microalloying  studies  on 
beryllium  at  Brush  Wellman. (2) 
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2.2.3  Microyield  Strength  Testing  Methods 


The  theory  and  techniques  of  microyield  strength  tests  have  been 
reviewed  extensively  by  Marschall  and  Maringer.  In  the  present  study, 

the  objective  is  to  define  the  1  x  10  °  offset  and  2  *  10  G  offset 
microyield  stress  using  a  strain  measuring  technique  which  is  relatively 
uncomplicated  and  which  could  be  adapted  to  qualification  testing. 

The  apparatus  used  for  conducting  microyield  stress  tests  is 
shown  in  Figure  2.  The  instrumented  specimen  and  load  train  which  were 
previously  described  are  loaded  by  an  Instron  tensile  machine.  The  load 
train  is  carefully  installed  in  the  testing  machine  to  avoid  any  effects 
of  friction  or  bending.  The  lower  crosshead  is  positioned  so  that  the 
lower  pin  of  the  load  train  is  free  in  the  slots  of  the  pull  rod  (Figure  1) 
and  exerting  no  force  on  the  train.  The  tare  load  on  the  specimen,  which 
is  referred  to  throughout  the  test,  is  the  weight  on  the  lower  half  of 
the  train  load. 


Figure  2.  Apparatus  for  conducting  microyield  strength  tests. 


o 


A  single  strain  gage  from  the  three  gages  on  the  specimen  is 
connected  to  the  BLH  Model  1200  strain  indicator.  A  gage  from  a  dummy 
unstressed  specimen  which  is  hung  on  the  load  train  is  wired  with  the 
above  active  gage  for  temperature  compensation  in  a  half-bridge  circuit. 
Although  the  strain  indicator  has  a  digital  readout  capability  of 
1  *  10  6  strain,  the  sensitivity  is  increased  by  installing  a  BCD  output 
and  printing  the  strain  data  with  a  Newport  Model  810  Digital  Printer. 
Strain  is  determined  by  making  20  consecutive  prints  from  the  strain 
indicator  and  averaging  the  values.  Printing  speed  is  2-1/2  prints 
per  second.  The  specimen  and  load  train  are  enclosed  with  a  styrofoam 
enclosure  to  reduce  the  effects  of  room  temperature  fluctuations. 

The  other  two  strain  gages  on  the  specimen  are  connected  through 
a  switch  box  to  a  second  strain  indicator  and  used  for  determining  pre¬ 
cision  of  alignment.  Both  strain  indicators  are  connected  to  a  General 
Radio  voltage  stabilizer. 

Before  starting  a  test,  the  specimen  and  instrumentation  are  set 

up  and  the  instruments  allowed  to  run  overnight  to  establish  temperature 

equilibrium.  The  specimen  is  then  loaded  to  a  low  stress,  approximately 
2 

2000  lb/in.,  and  loaded  and  unloaded  several  times  to  determine  the 
repeatibi.lity  of  the  unstrained  zero  reading. 

The  specimen  is  then  loaded  and  unloaded  to  increasing  values  of 
stress,  and  the  values  of  loaded  and  unloaded  strain  recorded.  Strain 
r<jte  is  0.008  inch/inch/minute  loading  and  unloading.  Load  is  main¬ 
tained  for  30  seconds.  When  the  specimen  is  fully  unloaded,  the  cross¬ 
head  is  moved  at  higher  speed  to  establish  0.010-inch  clearance  between 
the  pin  and  lower  pull  rod.  After  a  1-minute  interval,  the  unloaded 
strain  data  is  printed  out  and  the  specimen  reloaded.  A  typical  load¬ 
time  schematic  is  shown  in  Figure  3. 

3.2.4  Results  of  Microyield  Strength  Tests  on  HIP50 

The  stress-residual  microstrain  plot  for  specimen  6B  (as-pressed) 
is  shown  in  Fiyuie  4.  However,  even  though  the  resistance  bridge 
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TIME 


Figure  3.  Typical  load-time  schematic. 

formed  by  the  strain  gage  on  the  active  specimen  and  the  compensating 
gage  on  the  dummy  specimen  is  self-compensating  for  temperature,  it  was 
found  that  the  strain  indicator  had  a  significant  error  due  to  changes 
in  room  temperature.  The  specimen  temperature  is  plotted  next  to  the 
microstrain  values  to  show  this  effect. 

In  order  to  reduce  temperature  effects  on  the  strain  measurements, 
a  temperature  controlled  enclosure  was  designed  to  control  the  tempera¬ 
ture  of  the  specimen  and  the  strain  indicator.  The  apparatus  is  shown 
in  Figure  5.  The  enclosure  is  Plexiglas  which  is  lightly  insulated 
with  fiberglass.  The  air  temperature  is  controlled  to  ±0.25°F  at  temper¬ 
atures  of  80  to  85°F.  The  air  is  heated  by  the  strain  indicator  and  a 
small  resistance  heater  which  is  controlled  by  a  proportional  temperature 
controller.  Air  flow  within  the  enclosure  is  by  natural  convection. 

Specimens  3A  (as-pressed)  and  5A  (pressed  and  aged)  were  tested 
with  close  temperature  control.  The  results  are  shown  in  Figures  6  and 
7.  The  strain  error  from  temperature  effects  has  been  eliminated  and 
the  microyield  strength  more  clearly  defined.  It  can  be  seen  that  the 
aging  treatment  has  produced  a  significant  increase  in  MYS. 
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Figure  4.  HIP50  beryllium,  as-pressed,  microyield  stress, 
specimen  6B  (temperature  as  shown) . 


Figure  6.  HIP50  beryllium,  as-pressed,  microyield  stress 
specimen  3A  (temperature — 80°F) . 
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—  2  X  10’6  MYS  (32,600  lb/in.2) 


1  X  10*6  MYS  (26,500  lb/in.2) 


3.2.5  Correlation  of  Microplastic  Behavior  with  Microstructure 

One  of  the  objectives  of  this  program  is  to  investigate  the  rela¬ 
tionship  between  microplastic  behavior  and  microstructure  in  HIP50. 

(2) 

Paine  and  Stonehouse  have  found  that  microalloying  reactions  between 
iron,  aluminum,  and  beryllium  produce  significant  changes  in  mechanical 
properties,  and  suggest  that  similar  effects  may  occur  with  micromechani¬ 
cal  properties.  The  previously  described  results  of  a  simple  aging 
treatment  with  HIP50  beryllium  confirms  this  effect.  It  would  be  of 
great  interest  to  relate  the  mechanical  behavior  to  microstructural 
changes. 


A  preliminary  examination  of  "as-pressed"  HIP5G  has  been  made 
by  R.  Polvani  of  National  Bureau  of  Standards  using  transmission  electron 
microscopy.  The  preliminary  evidence  shows  that: 

(1)  There  are  relatively  few  agglomerations  of  BeO  in  HIP50 

but  there  are  numerous  small  particle  colonies  (this  is 
shown  in  Figure  8) . 


(2)  The  "as-pressed"  material  has  internal  stresses. 

(3)  The  dislocation  density  is  relatively  high  compared  to 
instrument  grade  beryllium. 


This  type  of  microscopy  will  be  extended  to  other  heat  treatments 
of  HIP50  in  the  next  year. 


3 . 3  Plans  for  Future  Work 

During  the  next  report  period,  additional  heat  treatments  which 
will  vary  the  size,  number,  and  relative  amounts  of  FeBe^  and  AlFeBe^ 
precipitates  will  be  investigated.  Microyield  strength  will  be  measured 
and  more  extensive  metallography  will  be  undertaken.  Attempts  will  be 
made  to  relate  microyield  stress  and  microcreep  behavior  in  HIP50. 
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Figure  3.  Typical  precipitate  colony 


SECTION  4 


PREDICTION  OF  MICRODEFORMATION 
OF  TYPICAL  INSTRUMENT  COMPONENTS 


4 . 1  Correlation  of  Microcreep  Deformation  with  Instrument  Error 

Trends 

4.1.1  Introduction 

An  instrument  which  exhibited  non-g-sensitive  trending  was  ana¬ 
lyzed  by  applying  data  from  uniaxial  test  specimens  to  actual  three- 
dimensional  structural  instrument  parts.  Microcreep  was  correlated 
with  observed  error  trend  data  from  a  typical  instrument  using  a  postu¬ 
lated  creep  law.  Since  only  very  limited  microcreep  data  has  been 
available,  there  is  much  uncertainty  in  the  creep  law  used.  However, 
this  analysis  shows  the  value  of  the  microcreep  tests  which  are  being 
conducted,  and  identifies  an  area  of  this  instrument  where  design 
changes  can  be  made  to  reduce  the  effect  of  microcreep. 

4.1.2  Trend  and  Instrument  Description 

The  instrument  which  was  analyzed  was  a  pendulous  integrating  accel¬ 
erometer  which  incorporates  a  pendulous  integrating  gyro  as  part  of  the 
overall  instrument.  Ramps  in  the  scale  factors  of  this  group  of  instru¬ 
ments  have  been  observed  with  time.  Typical  plots  of  these  ramps  for 
four  instruments  are  shown  in  Figures  9  and  10.  The  ramps  are  indepen¬ 
dent  of  instrument  orientation  to  gravity  vector  and  although  the  magni¬ 
tude  of  scale  factors  vary  somewhat  from  instrument  to  instrument,  they 
are  consistent  in  sign.  The  ramps  which  are  shown  could  be  caused  by  a 
shift  in  the  pendulous  mass  within  the  gyro.  The  gyro  consists  of  a 
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Figure  9.  Instrument  trend  versus  time. 


Figure  10.  Instrument  trend  versus  time 


spinning  wheel  on  a  beryllium  shaft  supported  by  cups  at  each  end.  One 
end  has  an  additional  thrust  plate  to  resist  axial  movement.  One  of 
the  support  cups  is  made  of  a  high  density  metal  (Inconel)  to  provide 
pendulosity . 


4.1.3  Analysis  and  Results 


Figure  11  shows  the  structure  which  was  analyzed,  as  well  as  the 
displacements  produced  by  the  torque  nut  loadings  on  the  shaft  (dis¬ 
placements  magnified  50,000  times).  The  torque  nut  loading  places  the 
beryllium  shaft  in  tension,  and  depresses  the  Inconel  support  cup.  As 
the  beryllium  shaft  creeps  axially,  the  Inconel  cup  moves  toward  its  un¬ 
deflected  shape  and  causes  a  pendulous  mass  shift. 


The  finite  element  model  consists  of  37  two-dimensional  quadri¬ 
lateral  elements.  Compressive  and  tensile  forces  produced  by  the  nuts 
were  applied  to  the  shaft  and  nut  elements.  The  creep  law  assumed  for 
beryllium  is  described  in  Reference  (1).  The  assumed  creep  law  is 


where 


I 


E  =  total  strain 

A  =  a  constant  =  123  x  10  ^ 

2 

o  =  uniaxial  stress  (lb/in.) 
n  -  stress  exponent  =  0.25 
i>H/R  =  activation  constant  =  6500 
T  =  absolute  temperature  (°R) 
t  =  time  (hours) 


It  should  be  emphasized  that  this  is  a  very  preliminary  attempt 
at  a  creep  law  pending  further  results  of  the  experimental  work  at  NBS. 


Figure  11.  Displacement  plot  of  torque  nut  loading  on  beryllium  shaft 


However,  the  results  are  very  interesting  in  that  they  indicate  there  is 
a  strong  possibility  that  the  observed  trending  is  caused  by  microcreep. 
In  fact,  using  the  above  law,  the  predicted  microcreep  causes  about  four 
times  the  mean  trend  shown  in  Figures  9  and  10. 

4. 2  Analysis  of  Disc  Specimen  for  Structural  Tests 

A  creep  analysis  has  been  conducted  in  support  of  the  National 
Bureau  of  Standards  beryllium  disc  creep  test.  The  test  specimen  is  a 
2-rnch  diameter,  1/8-inch-thick  beryllium  disc.  The  following  proper¬ 
ties  were  assumed: 

6  2 

MODULUS  OF  ELASTICITY  (E)  =  42  x  10  lb/in. 

DENSITY  (p)  =  0.07  lb/in.3 

POISSON'S  RATIO  (y)  =  0.025 

The  MARC  structural  analysis  program  was  used  to  perform  the 
analysis.  The  support  and  loading  conditions  used  in  the  analysis  are 
shown  in  Figure  12. 

Because  of  the  axisymmetric  support  and  loading  conditions,  the 
finite  element  model  of  the  disc  was  assembled,  as  shown  in  Figur-  13, 
using  8  node  axisymmetric  quadrilateral  elements.  This  is  MARC  element 
No.  28. 

Two  models  were  constructed,  one  having  16  elements  and  fhe 
other  128  elements.  These  are  shown  in  Figures  14  and  15.  Test  runs 
were  conducted  with  each  of  the  models.  The  static  analyses  calculated 
the  deflection  due  to  a  point  load  P  applied  as  shown  in  Figure  12.  The 
Z  deflection  at  the  center  of  the  disc,  on  the  side  opposite  the  applied 
load,  was  within  3  percent  of  the  closed  form  solution,  for  both  models. 

The  creep  law  described  in  the  preceding  section  was  used  for 
this  analysis.  The  total  time  over  which  creep  occurs  was  taken  to  be 
2.375  days  and  the  temperature  of  the  test  specimen  was  assumed  to  be 
70 °F .  The  applied  load  was  1  pound.  There  were  two  uncertainties  that 
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Figure  12.  Assumed  loading  and  support  of  test  specimen. 
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Figure  13.  Axisymmetric  model. 

developed  during  the  analysis.  One  concerned  the  effect  of  the  relative¬ 
ly  high  contact  stress  that  occurs  at  the  point  of  application  of  the 
load,  and  the  other  related  to  the  effect  of  the  frictional  forces  that 
might  develop  at  the  roller  support.  As  a  basis  of  comparison,  analysis 
runs  were  conducted  which  included  a  frictional  force  in  the  R  direction 
at  the  support.  The  coefficient  of  friction  was  assumed  to  be  0.50. 


Figure  15.  128-element  axisymmetric  model 


This  was  done  for  both  the  16-element  structural  model  and  the 
128-element  model;  the  finer  model  was  used  to  assess  the  effects  on  the 
test  measurements  of  the  higher  stresses  in  the  area  where  the  load  is 
applied.  Table  1  shows  the  results  of  these  analyses.  The  nodes  of 
interest  are  those  on  the  side  of  the  disc  opposite  to  where  the  load 
will  be  applied.  This  is  where  the  test  measurements  will  be  made. 
Inspection  of  the  results  shown  in  columns  4  and  8  indicates  that  there 
should  be  no  problem  provided  reasonable  care  is  taken  to  eliminate 
friction  at  the  roller  support.  The  results  in  columns  9  and  10  show 
that  the  16-element  model  is  quite  adequate.  This  is  a  favorable  result 
since  the  16-element  model  car.  be  analyzed  at  approximately  one-tenth 
the  cost  of  the  128-element  model  for  comparable  creep  analysis  runs. 
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